Cell transplantation into host brain requires a reliable cell marker to trace lineage and location of grafted cells in host tissue. The lacZ gene encodes the bacterial (E. coli) enzyme P-galactosidase (P-gal) and is commonly visualized as a blue intracellular precipitate following its incubation with a substrate, "X-gal," in an oxidation reaction. LacZ is the "reporter gene" most commonly employed to follow gene expression in neural tissue or to track the fate of transplanted exogenous cells. If the reaction is not performed carefullywith adequate optimization and individualization of various parameters (e.g., pH, concentration of reagents, addition of chelators, composition of fixatives) and the establishment of various controls-then misleading nonspecific background X-gal positivity can result, leading to the misidentification of cells. Some of this background results from endogenous nonbacterial P-gal activity in discrete populations of neurons in the mammalian brain; some results from an excessive oxidation reaction. Surprisingly, few articles have empha sized how to recognize and to eliminate these potential confounding artifacts in order to maximize the utility and credibility of this histochemical technique as a cell marker. We briefly review the phenomenon in general, discuss a specific case that illustrates how an insufficiently scrutinized X-gal positivity can be a pitfall in cell transplantation studies, and then provide recommendations for optimizing the specificity and reliability of this histochemical reaction for discerning E. coli P-gal activity.
INTRODUCTION
pounds, results in the creation of a blue, nonsoluble, nondiffusible crystalline precipitate. LacZ has been in serted (via viral vector-and nonviral-mediated transfec tion techniques) and stably expressed in cultured cells as well as in cells transplanted into experimental animal (typically rodent) brains. Alternatively, cells obtained from transgenic mice that constitutively express lacZ in all or specific subsets of cells have been used to provide traceable graft material in transplant studies. The utility of this method depends on careful preparation, including attention to optimizing and individualizing various pa rameters (e.g., pH, concentration of reagents, addition of chelators, composition of fixatives), assessment of the presence and distribution of misleading endogenous, mammalian p-gal activity in the host, and cognizance of conditions that might promote an ongoing, uncontrolled, and unrestricted oxidation reaction that, in the presence of iron-containing molecules, could result in the contin ued but inappropriate production of the blue reaction product.
At least 296 articles have been published in which Pgal was used to study gene expression or to track cells in neuronal tissue (Medline Database). Most of these ar ticles were published in the last 10 years. We screened 20 articles published between 1992 and 1999 in which P-gal was used to mark gene expression in neural cells or to mark cells in experimental brain tissue transplanta tion. Most of these articles, with a few exceptions, paid scant attention to the possibility that background, non specific X-gal positivity could confound interpretation of results (Table 1 ). There were several articles, how ever, that specifically pointed out the phenomenon of endogenous p-gal expression in mammalian brain (Ta ble 2). Despite these published warnings, many re searchers in the field remain unaware that certain brain regions are prone to background X-gal reactivityeither due to the presence of endogenous mammalian Pgal activity (particularly in blood-borne cells in highly vascularized regions) or to susceptibility to ongoing oxi dation. Many researchers are also not aware that a blue reaction product can occur even in cells that do not con tain P-gal, merely from excessive ongoing oxidation in the presence of iron-containing compounds. The prop erly employed and controlled X-gal histochemical reac tion can be quite useful and valuable-quick, cheap, and effective for screening large numbers of tissue and cells. However, its utility, reliability, and credibility are en tirely dependent on the careful predetermination and in dividualization of reaction conditions that minimize or even eliminate background activity (resulting from ei ther mammalian P-gal activity or unrestrained oxidation) combined with the judicious use of simultaneous con trols and subsequent confirmatory steps. This commen tary will offer suggestions for meeting these goals. THE X-gal "BLUE-BRAIN" BOOBY TRAP An instructive illustration of the X-gal pitfall is pro vided by a simple set of experiments conducted by one of us (J.S.R.) that involved transplantation of mouse bone marrow stromal cells (BMSCs) into rat brain. We had accumulated evidence that human and mouse BM SCs could be induced to differentiate into neural cells under experimental cell culture conditions (20) . In the presence of retinoic acid (RA) and epidermal growth factor (EGF) or brain-derived neurotrophic factor (BDNF), BMSCs expressed the protein and mRNA for nestin, a marker of neural precursors. These cultures also expressed glial fibrillary acidic protein (GFAP) and neuron-specific nuclear antigen (NeuN). When labeled human or mouse BMSCs were cultured with rat fetal mesencephalic or striatal cells, a small proportion of BMSC-derived cells differentiated into neuron-like cells expressing NeuN and, very rarely, microtubule associ ated protein (MAP2) (20) as well as glial-like cells ex pressing GFAP.
We sought to determine whether these BMSCs would migrate widely and differentiate into glial-like cells when grafted into rat brain, as previously reported (4) . We used lacZ for tracking grafted BMSCs. BMSCs from a transgenic lacZ mice, the ROSA mouse (JAX Labs, Inc), were grafted into denervated or normal rat corpus stria tum. We first verified that BMSCs, separated from whole bone marrow by their adherence to plastic dishes, expressed lacZ in vitro using standard X-gal histochemi cal methods for P-gal activity (13) . Three weeks prior to grafting BMSCs, rats were treated with unilateral in tranigral injections of 6-hydroxydopamine (6-OHDA). Suspensions of the /acZ-expressing BMSCs were depos ited in the striatum along a single needle tract on the same side as the 6-OHDA nigral lesion in six animals. In two animals the BMSCs were also injected into the striatum on the unlesioned side. One, 2, and 3 months after grafting, pairs of animals were sacrificed, perfused with heparinized saline and phosphate-buffered 4% paraformaldehyde (PF). Serial 30-pm cryosections were cut the entire length of the brain. Sections were first processed with X-gal histochemistry followed by immunoperoxidase processing with antibodies against the neural cell type-specific markers listed above as well as calbindin and 70 kDa neurofilament (NF).
The X-gal-based histochemical method employed for detecting P-gal activity essentially followed standard published protocols (13) as modified for brain tissue (9) but with little additional individualization for this partic ular experiment. X-gal (Sigma) was stored as a stock solution of 100 mg/ml in dimethyl formamide. Brain tis sue sections were incubated at 37°C for 2-8 h in a final reaction mixture containing 1 mg/ml X-gal, 2 mM MgCl 2 , 20 mM potassium ferrocyanide, 20 mM potas sium ferricyanide, 150 mM NaCl, and 0.1 M sodium phosphate at pH 7.4. Detergents were added to facilitate tissue penetration: 0.01% (w/v) sodium deoxycholate and 0.02% (w/v) NP-40. Note that chelators such EGTA or EDTA were not added in these first experiments, nor were there systematic manipulations of the concentra tions of reagents, pH, buffer, or type of fixative.
One to 3 months after grafting, when tissues were processed as described above, X-gal-t-cells, presumed to be donor derived, appeared to be present in multiple brain regions distant from the site of implantation of BMSCs in corpus striatum. Their distribution was bilat eral and nearly symmetrical in all regions except the substantia nigra where the unlesioned side exhibited Xgal positivity. Their presence was most prominent in the Table 1 . Selected Studies Involving lacZ as Cell or Gene Marker in Brain Reference A large number of neural cells (including neurons, astrocytes, and ependymal cells) expressed an E. coli lacZ transgene for at least 45 days after inoculation of various brain areas. 1 Sindbis viral expression system was used to target delivery of the lacZ gene to neuronal cells of mice by stereotactic surgery. 2
The anatomical specificity and efficiency of herpes virus-mediated gene transfer into the rat brain was studied following placement of virus particles carrying a transgene (lacZ) under control of the NSE promoter. 3
Adenovirus vectors (coding for p-galactosidase) and Ad-alpha 1AT (coding for human alpha 1antitrypsin) were administered to the lateral ventricle of rats. Ad.RSV p-gal transferred P-galac tosidase to ependymal cells lining the ventricles and globus pallidus of rat. 5
Parkinsonian rats received cells from GT4-2 mice into which a P-galactosidase gene was intro duced to allow brain tissue differentiation from the recipients by X-gal staining. There were many X-gal-positive and TH-positive cells in the grafts, suggesting that mouse NP survived, and differentiated into TH-positive neurons in the rat brain. 8
Transgenic mice were produced using CCK promoter that directs bacterial p-galactosidase as a re porter gene. Transgene expression was detected first at embryonic 13.5 days in the central ner vous system and increased after birth. The distribution of cells expressing P-galactosidase trans gene agreed fairly well with that of in situ hybridization. 10
To identify the cells arising from postnatal precursors, tissue fragments taken from 3-to 8-dayold cerebellum of several transgenic mouse lines (each expressing the lacZ reporter gene in dif ferent sets of neuronal populations) were mixed with fragments taken from the wild-type cere bellar primordium of 12-or 13-day-old embryos. The fragments were dissociated and grafted into the cerebellum of adult mice. 11
Transplantation of /acZ-expressing wt neurospheres into the myelin-deficient (md) rat showed that a proportion of the cells differentiated into oligodendrocytes and produced myelin. 14 Embryonic ventral midbrains from GFAP-lacZ transgenic mice were xenografted into the dopamine-depleted striata of adult rats. Five weeks posttransplantation, graft-derived astrocytes and dopaminergic neurons were visualized by dual immunocytochemistry for P-gal and tyrosine hy droxylase (TH), respectively. 16
Investigation of whether human neural progenitors expanded in vitro could be modified with re combinant adenoviruses. Strong expression of P-galactosidase was obtained in vitro. Two or 3 weeks after transplantation of engineered cells to the rat brain, a small percentage of surviving neuroblasts strongly expressing P-galactosidase in four out of 13 rats. 19
The intra-arterial injection of immortalized microglia transfected with the lacZ gene resulted in the expression of P-galactosidase in the rat brain at 48 h and the activity of P-galactosidase was detected for up to 3 weeks postinjection. 21
Multipotent neural cell lines were generated via retrovirus-mediated v-myc transfer into murine cerebellar progenitor cells. When transplanted back into the cerebellum of newborn mice, these cells integrated into the cerebellum in a cytoarchitecturally appropriate manner. En grafted cells, identified by lacZ expression and PCR-mediated detection of a unique sequence arrangement, could be identified in animals up to 22 months postengraftment. 23
Transgenic mice having a LacZ gene under the control of an arrestin promoter expressed p-galac tosidase (P-gal) in the photoreceptor rods and pinealocytes. In addition, it was expressed in very small numbers of discrete cells in the habenular commissura, amygdala, ventral tegmental area, and superior colliculus of the brain. 25
After injection of /acZ-labeled cells into the cerebellum, staining of brain sections with X-galcontaining solutions demonstrated blue-reactive cells. 17 Table 2 . Studies Emphasizing the Phenomenon of Endogenous Expression of P-gal Activity in Mammalian Brain
Reference
Investigations of normal rat brain anatomy demonstrate that many specific neuronal cell groups possess endogenous P-galactosidase activity when staining is performed at physiological pH. This suggests that background staining of endogenous P-galactosidase activity in the rat brain has been underestimated. In addition, such specific activity would afford an additional means of identification and illustration of these cells. 9
The E. coli lacZ reporter gene is used to identify transplanted cells in host tissues. The useful ness of these methods depends on host autofluorescence and P-galactosidase (P-gal) activity. 12
Dramatic non-£. coli lacZ staining in cells with neuronal, glial and endothelial morphology is found in the normal, adult rat brain. This false staining is primarily in the brain stem, but is ev ident in cortical and subcortical regions as well. In light of these findings, one must carefully examine any findings of E. coli lacZ gene expression in the rat brain based solely on histo chemical analysis of tissue sections. 18
following specific areas: mitral cell zone of the olfactory bulb; paraventricular and supraoptic hippocampus ( Fig.  1 ); habenula; oculomotor nucleus; red nucleus; substan tia nigra ( Fig. 2) ; inferior olive of medulla; 6th, 7th, and 12th cranial nerves of the brain stem; ventral horn of the spinal cord; Purkinje cell layer of the cerebellum (Fig.  3) . The X-gal-t-cells were of multiple morphologies in cluding epithelial-like cuboidal cells in the choroid plexus, small cells in the optic chiasm that suggested oligodendrocytes, larger cells in the red nucleus, sub stantia nigra, and brain stem motor nuclei that suggested neurons. X-gal+ cells in the Purkinje cell layer appropri ately appeared to express calbindin (though, surpris ingly, not NeuN) and appeared to be enmeshed in NF-immunoreactive fibers, giving the impression that do nor-derived neurons had integrated into the cerebellum's circuitry. Those in the red nucleus were enmeshed in MAP-2-immunoreactive fibers (although it was not possi ble to determine with light microscopy whether these fi bers were efferents from, or afferents to, X-gal+ cells).
At first blush, these results suggested the astounding result that /acZ-expressing, donor-derived BMSCs had migrated extensively and had differentiated into neural cells in a site-dependent manner. However, certain as pects of the data began to suggest that something was amiss in such a sweeping interpretation. For example, in the cerebral cortex and corpus striatum, even at the sites of implantation, the ostensibly X-gal+ cells, though sig nificant in number, were seen most commonly in capil laries or in pericytes. In the hippocampus, the cellular X-gal staining was faint and punctate rather than lush and broad. When the proportion of presumably donorderived X-gal+ cells that expressed NeuN was estimated using stereologic technique (7) in three discrete mid brain nuclei (red nucleus, oculomotor nuclei, s. nigra) in four animals, the percentage of such cells that were NeuN immunoreactive was relatively constant (approxi mately 45%) in all three regions in all animals, and the total number of those cells in a given region (e.g., the red nucleus) did not decline at all over 3 months. Be cause the cell number estimates far exceeded the number of BMSCs grafted, suspicions were also raised. How ever, the coup de grace was the finding that, when tissue sections from ungrafted normal Sprague-Dawley rats were processed with X-gal histochemistry using the above-described protocol, a similar distribution of X-gal positivity was observed! Intense staining was found in the nuclei of the brain stem, especially cranial nerve nu clei: the red nucleus, inferior olivary complex, nucleus ambiguus, the magnocellular reticular formation, the ex ternal cuneate nucleus, and the region of the trapezoid body. In the thalamus, the medial habenula contained intensely staining X-gal+ cells. In the hypothalamus, paraventricular and supraoptic nuclei exhibited X-gal staining. The substantia nigra and pontine nuclei exhib ited weak X-gal+ staining. Occasional pale staining in the cortical and hippocampal regions was noted. The cerebellum exhibited X-gal-staining in a distribution strikingly similar to that of the Purkinje cell layer as well as in deep cerebellar nuclei. The dorsal and ventral horns of the spinal cord also exhibited X-gal staining.
Obviously, we were observing factitious X-gal stain ing that was leading to the misidentification of endoge nous cells as donor-derived cells. Several published re ports have suggested that incubations with X-gal carried out at mildly alkaline pH (8.0-8.5) for shorter periods of time results in decreased expression of endogenous mammalian brain P-gal activity (9, 12, 18) , a possible contributor to this nonspecific X-gal staining. Therefore, we carried out incubations of normal rat brain sections in acidic medium (pH 4.5) and alkaline medium (pH 8.5) over a range of time from 2 to 8 h under the condi tions otherwise unchanged from those described above (i.e., in the same incubation solution buffered in either 0.1 M phosphate-citrate buffer at pH 4.5 or 8.5). The X-gal reaction product was still evident under alkaline conditions, especially in cerebellar Purkinje cells and in magnocellular reticular neurons of the brain stem ( Fig.  4) . Shortening the duration of incubation to 2 h under alkaline conditions decreased the intensity of endoge nous P-gal staining to a very pale blue, probably suffi cient to allow a genuine, appropriate signal (which should be a dark Prussian blue) to be distinguished. With <1 h incubation at pH 8.5, all background X-gal was eliminated; however, the BMSCs specific lacZ sig nal was also lost.
DISCUSSION
In this commentary, we highlight the technical pit falls of a very important, frequently employed, and, when performed correctly and carefully, useful and userfriendly detection technique for engrafted cells in trans plantation paradigms. Many studies have utilized the E. coli P-gal gene lacZ as a reporter of gene expression or as a marker of cell lineage and location after transplanta tion. We have, however, shared here our frustration at having "startling" findings cast into doubt by the realiza tion that the X-gal histochemical technique in adult rats in situ, when performed without proper controls and pre determination of reagent concentrations and incubation times, can produce a blue precipitate in some cellular groups leading to their possible mistaken identification Photomicrographs of apparently X-gal+ "donor-derived" cells in rat brain. Rats were injected with 6-OHDA into the right s. nigra and 3 weeks later were grafted with lacZ mouse BMSCs. Three months later, the rats were sacrificed. Brains were removed and processed for X-gal histochemistry (pH 7.4) and neural cell-type immunocytochemistry. Serial sections (30 um thick) were cut through the midbrain. (A) Section through right midbrain showing "X-gal+" cells in red nuclei and substantia nigra. The red-brown stain is TH-ir. Note that some TH-ir cells co-stain with X-gal (lOx) (B) High magnification of red nucleus showing Xgal reaction product in the cytoplasm and NeuN-ir that is predominantly nuclear (63x). as donor-derived cells. The example presented here of false-positive X-gal staining in nonimplanted brains is not unique. Others have suggested that endogenous mammalian P-gal activity in rat brain may be a serious pitfall for researchers unaware of its potentially wide distribution (9, 12, 18) . Many mammalian cells express enzyme activity capable of hydrolyzing the substrate Xgal at the physiological pH of 7.4. Because the pH opti mum of the mammalian enzyme is in the acidic range (pH 3.5-5.5), it has been recommended that X-gal incu bations be carried out at mildly alkaline pH (8.0-8.5) for shorter periods of time (28) . However, simply carry ing out incubations at alkaline pH alone, as we detail above, may not be sufficient to eliminate all potential confounders. While some authors have suggested that all background X-gal positivity is entirely attributable to endogenous P-gal activity of actual neural cells, that contribution may be overestimated. Blood-borne cells of nonneural origin are major culprits for containing tena cious endogenous P-gal activity. Also, many researchers are not aware that a blue reaction product can occur even in cells that do not contain P-gal, merely from on going oxidation in the presence of the iron-containing compounds used in the histochemical reaction. In other words, much in vivo background activity is actually at tributable to an ongoing oxidation reaction and/or to hematogenously derived cells in the vasculature.
Despite its pitfalls, the X-gal histochemical reaction has so many significant advantages that it should not be simply jettisoned from the stockpile of techniques used by the neural transplant biologist for examining en grafted tissue. It provides a quick, easy, and relatively inexpensive means for processing (even screening) large amounts of experimental material (including thick sec tions and whole mounts). Special equipment-either mi croscopic or histological-is not required. X-gal positiv ity can even be detected, when robust, under a dissecting microscope. The reaction product is extremely hardy, will not fade or bleach, and is resistant to treatment with organic solvents allowing X-gal+ tissue to be embedded in paraffin or even in plastic for ultrastructural analysis under electron microscopy (EM). Indeed, the X-gal pre cipitate is electron dense and requires no additional ma nipulations to be visualized under EM (23) . The reaction product can fill out the entire cell body. X-gal-processed material can be subsequently exposed to antibodies against neural cell type-specific antigens (particularly intracellular epitopes) in immunoperoxidase paradigms (albeit not with immunofluorescence). And, importantly, the identification of donor-derived cells following en graftment can be unambiguous when the procedures are performed correctly with proper controls and proper preparation.
Probably the most important first step for avoiding the X-gal pitfall is to be aware of the natural distribution of potentially X-gal+ cells in the mammalian brain [Hatton and Lin (9) provided a "map" of the distribution of endogenous X-gal+ cells in the normal adult rat brain to which the present description may now serve as a complement] as well as being cognizant of the fact that any oxidative force may prompt the incubation mixture to produce a blue reaction product even in the absence Of P-gal (exogenous or endogenous). This commentary will hopefully serve to illustrate and reinforce the warn ing. In addition, however, we have included a list of precautions for circumventing pitfalls and for optimizing the reliability and utility of this important histochemical technique in experimental neural transplantation so that future investigators may not be fooled. When used cor rectly and with circumspection, the results of the X-gal histochemical technique are believable and interpretable.
1. Impeccable, rapid perfusions of animals with ice-cold fixatives are essential for helping to avoid back ground. The endogenous p-gal activity of hematogenously borne cells, particularly in very vascular re gions of the brain or near neural cells invested with a lush blood supply, may create the impression that some neural cells themselves are X-gal+. Under very high power, one can actually see that cells in certain regions of the brain (typically the most vascular) look positive because blood vessels (one can readily visu alize these) filled with blood-borne cells (always dra matically smaller than cells of neural origin) are actu ally blue as they course around neural cells. This impression is compounded if the brain is not per fectly perfused because the most vascular regions will have the greatest chance of containing X-gal+ cells. An elegant confirmation that one is or is not seeing neural-based P-gal activity is to dissociate a suspected expresser of confounding endogenous pgal (e.g., Purkinje cells) and then perform the X-gal reaction in vitro on those primary cells to see if a blue precipitate, indeed, persists. Washing should be done frequently, thoroughly, and on ice, especially following the incubation step.
5. Not all of the blue derives from endogenous (i.e., non-£. co/i'-derived) P-gal activity. As noted above, one must remember that the X-gal reaction is an oxi dation reaction. Anything that permits oxidation to proceed in the presence of iron-containing com pounds will permit a blue precipitate to be created.
Therefore, for example, material subjected to an X- hosts of another species (e.g., rat), then species-spe cific (e.g., anti-mouse) antibodies can be used to rec ognize the grafted cells based on these unique species markers. If the donor mouse were the ROSA mouse (i.e., the /acZ-transgenic mouse described above), then the correspondence of X-gal positivity with im munoreactivity to the species-specific antibody would confirm the reliability of the former. (Our own ongoing research on the capacity of BMSCs to mi grate and differentiate into neural tissue will now uti lize some or all of these alternative markers.)
In summary, the properly employed and controlled X-gal histochemical reaction can be quite useful and valuable-quick, cheap, and effective for screening large numbers of tissue and cells. However, its utility, reliability, and credibility are entirely dependent on the careful predetermination and individualization of reac tion conditions that minimize or even eliminate back ground activity (resulting from either mammalian p-gal activity or unrestrained oxidation) combined with the ju dicious use of simultaneous controls and subsequent confirmatory steps. This commentary has offered sug gestions for meeting these goals.
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